INTRODUCTION
============

Viruses encounter significant barriers that they must overcome in order to successfully infect cells. Not only must they bind and fuse with the plasma membrane to enter the cell ([@B1]), but once within the cell, a subset of viruses must then enter the nucleus and integrate their genome into the host DNA ([@B2]). Some retroviruses, such as the gammaretrovirus Murine Leukemia Virus, depend on ongoing mitosis and the breakdown of the nuclear envelope to access genomic DNA ([@B2],[@B3]). However, other viruses, such as the lentivirus Human Immunodeficiency Virus Type 1 (HIV-1), have evolved to infect non-dividing, terminally differentiated cells ([@B2],[@B4]), and therefore, must have acquired a mechanism to overcome the nuclear barrier and import necessary viral proteins and DNA into the nucleus for integration and replication.

All macromolecular transport between the cytoplasm and the nucleus occurs via a large proteinaceous complex known as the nuclear pore complex (NPC) that is embedded in the nuclear envelope ([@B5; @B6; @B7]). Proteins that are destined for the nucleus contain specific signals in their primary sequence termed nuclear localization signals (NLSs) ([@B8]). Classical NLS (cNLS) motifs are comprised of one or two clusters of basic amino acid residues termed monopartite or bipartite sequences, respectively ([@B9; @B10; @B11]). These cNLS motifs are recognized by the soluble NLS receptor, karyopherin/importin-α, which interacts with another karyopherin receptor, importin-β, to form an import complex ([@B12; @B13; @B14]). The directionality of nuclear protein transport is governed by Ran, a Ras-like GTPase that cycles between a GDP- and a GTP-bound state ([@B15],[@B16]). The local nucleotide-bound state of Ran is modulated by a number of factors including the cytoplasmic GTPase activating protein (GAP), which facilitates the conversion of Ran-GTP to Ran-GDP in the cytoplasm ([@B17],[@B18]), and the nuclear guanine nucleotide exchange factor (GEF), which maintains a nuclear pool of Ran-GTP ([@B19],[@B20]). Following translocation of the cargo/receptor import complex through the NPC, Ran-GTP binds importin-β ([@B21]) to dissociate the import complex ([@B14],[@B22],[@B23]). The importin-β/Ran-GTP complex is then recycled back to the cytoplasm where the RanGAP facilitates the conversion of Ran-GTP to Ran-GDP ([@B17]) and the Ran import receptor, Ntf2, binds Ran-GDP to replenish the nuclear pool of Ran ([@B24],[@B25]).

The Ty1 retrotransposon undergoes a retrotransposition cycle that is analogous to the 'lifecycles' of vertebrate retroviruses. Ty1 contains two open reading frames, *TYA1* and *TYB1*, which are analogous to proteins encoded by the retroviral glycoprotein (*gag*) and RNA polymerase (*pol*) genes ([@B26]), respectively. In the early steps of the cycle, Ty1 mRNA is synthesized, processed and exported from the nucleus to the cytoplasm. In the cytoplasm, a subset of the mRNA is translated into Gag and Gag-Pol proteins that assemble to form virus-like particles (VLPs) containing two copies of the same Ty1 mRNA genome, Ty1 reverse transcriptase (RT) and integrase (IN) ([@B27]). The process of reverse transcription of this mRNA into cDNA occurs within VLPs ([@B27; @B28; @B29]). At a minimum, Ty1 cDNA and IN must then reenter the cell nucleus where IN functions to integrate the Ty1 cDNA back into the host genome ([@B27]). Since the nuclear membrane does not break down during mitosis in *S. cerevisiae* ([@B30]), these Ty retrotransposons must overcome an intact nuclear envelope in a manner that resembles the barrier posed to retroviruses in non-dividing cells. Thus Ty1 and its yeast host together provide an excellent experimental system to study the nuclear import of retroelement factors.

Ty1 IN contains an atypical NLS at its C-terminus that is required for proper nuclear localization of the IN protein and subsequent replication of the Ty1 retroelement ([@B31],[@B32]). This NLS has been described as a non-classical bipartite NLS ([@B31],[@B32]) since it consists of two clusters of basic amino acids separated by 29 amino acids. Although this targeting motif has been functionally defined, it is not clear what cellular machinery recognizes this motif and mediates IN import. The 29 amino acid linker is nearly three times longer than previously characterized classical bipartite linker sequences which are typically 10--12 amino acids in length ([@B11],[@B33; @B34; @B35]), raising the question of whether this NLS motif mediates binding to the classical import receptor, importin-α. In this study, we investigated the mechanism by which Ty1 IN accesses the nucleus and subsequently the genomic DNA by taking advantage of a number of conditional alleles of essential classical nuclear protein import machinery. Through both *in vivo* and *in vitro* analyses, we present evidence that Ty1 IN can utilize the classical protein nuclear import pathway to access the nucleus despite its atypical NLS.

MATERIALS AND METHODS
=====================

Strains and plasmids
--------------------

All DNA manipulations were carried out according to standard methods ([@B36]) and all media were prepared by standard procedures ([@B37]). Yeast strains and plasmids for this study are listed in [Table 1](#T1){ref-type="table"}. In all experiments the wildtype strain used was BY4741 (ACY1051). For some analyses, a GFP-fusion protein containing two GFPs fused to the last 54 amino acids of Ty1 integrase was used and will be referred to as GFP~2~-IN NLS (pAC1804). All chemicals were obtained from Ambion (Austin, TX), Sigma (St Louis, MO), or U.S. Biologicals (Swampscott, MA) unless otherwise specified. Table 1.Yeast strains and plasmidsStrains/plasmidsDescriptionReferenceACY107*mat a ura3-52, leu2Δ1, trp1Δ63, rna1-1*([@B69])ACY110*mat a ura3-52, leu2Δ1, prp20-1*([@B70])ACY114*mat a ura3-52, leu2Δ1, trp1Δ63, NTF2::HIS3 \[+NTF2 URA3\]*([@B24])ACY208*mat α ade2, ura3-52, leu2Δ1, trp1Δ63, ade2, RSL1::HIS3 \[+RSL1 URA3\]*([@B71])ACY212*mat α ura3-52, leu2Δ1, trp1Δ63, GSP1::HIS3 GSP2::HIS3 \[+ GSP1 URA3\]*([@B48])ACY443*mat α ura3-52, leu2Δ1, trp1Δ63, his3Δ200, SXM1::HIS3*([@B52])ACY642*mat α ura3-52, leu2Δ1, trp1Δ63, his3Δ200, srp1-55::LEU2 \[+SRP1 URA3\]*([@B56])BY4741 (ACY1051)*mat a ura3-52, leu2Δ1, trp1Δ63, his3Δ1*pRS316 (pAC4)*URA3 CEN, AMP*([@B72])pAC413*gsp1-1 LEU2 CEN AMP*([@B48])pAC493*ΔIBB-SRP1 AMP*, pProEX-Htb bacterial expression vector([@B45])pSW509 (pAC679)*rsl1-L63A LEU2 CEN AMP*([@B51])pAC719*Nab2-GFP URA3 2*μ* AMP*([@B42])pAC781*c-fus-GFP, KAN*, pET-28a bacterial expression vector([@B44])N-fus GFP (pAC824)*pMET25-N-fus-GFP URA3 CEN AMP*([@B73])pAC1414*ntf2-1 TRP1 CEN AMP*([@B49])pSD600 (pAC1661)*pGAL-Ty1-NEO URA3 CEN AMP*([@B38])pAR100 (pAC1735)*pGAL-Ty1-HIS3 URA3 CEN AMP*([@B65])*GAL-LacZ* (pAC1736)*pGAL-LacZ URA3 CEN AMP*([@B38])pAC1804 (GFP~2~-IN NLS)*pMET-GFP-GFP-IN NLS URA3 CEN AMP*This studypAC2326*SRP1-myc LEU2 CEN AMP*This studyDSM1 (pAC2252)*pGAL-LacZ-Ty1 integrase URA3 CEN AMP*([@B32])pAC2358*GFP-IN NLS, KAN*, pET-28a bacterial expression vectorThis studypAC2431 (GFP~2~-IN NLS~mut~)*pMET-GFP-GFP-IN NLS~mut~ URA3 CEN AMP*This studypAC2439 (GST-IN NLS)*GST-IN NLS, AMP*, pGEX bacterial expression vectorThis studypAC2546 (GST-IN NLS~mut~)*GST-IN NLS~mut~, AMP*, pGEX bacterial expression vectorThis study

Ty1 retrotransposition assay
----------------------------

The Ty1 retrotransposition assay was performed essentially as previously described ([@B38]) ([Figure 1](#F1){ref-type="fig"}A). Briefly, wildtype or mutant cells were transformed with either the pAR100 (*HIS3*) or pSD600 (*NEO*) test plasmid. Transformants were selected on synthetic complete (SC) medium lacking uracil and including 2% glucose (SC ura^−^ glu). To initiate the transposition assay, nine independent transformants were patched onto SC ura^−^ glu plates. These plates were then replica plated to SC ura^−^ gal and grown for three days at room temperature to induce transposition. Patches were then replica plated sequentially to: (i) yeast peptone dextrose (YPD); (ii) SC medium containing 1.2 g/l 5-fluoroorotic acid (5-FOA) and 2% glucose; and (iii) SC his^−^ glu (pAR100) or YEPD containing G418 (0.2 mg/ml) (pSD600). Growth on the final selection plate was compared to controls: wildtype cells containing the pAR100 or pSD600 plasmid (positive control) or wildtype cells that never contained the test plasmid (negative control). Figure 1.Analysis of retrotransposition in mutants of classical nuclear transport proteins. (**A**) A schematic of the Ty1 retrotransposition assay ([@B38]). Yeast cells are transformed with the *URA3*-marked pAR100 (His- cells) or pSD600 (His+ cells) test plasmid and patched onto SC ura^−^ glu plates. Patches are then replica plated to SC ura^−^ gal plates for 3 days at 25°C and sequentially replica plated to (1) SC ura^−^ glu; (2) YPD; (3) 5-FOA; and (4) SC his^−^ glu for pAR100 or YEPD + G418 for pSD600. (**B**) Transposition levels in nuclear protein import mutants. *gsp1-1, ntf2-1, srp1-5, rsl1-L63A*, and *Δsxm1* mutant cells were transformed with the appropriate test plasmids and replica plated to selection medium. The final selection plates are YEPD + G418 (*gsp1-1, ntf2-1, rsl1-L63A*, and *Δsxm1*) and SC his^−^ glu (*srp1-55*). As controls, each plate also contained wildtype cells either expressing (+) or lacking (−) the appropriate test plasmid. (**C**) Transport mutants carrying the Ty1 test plasmid grow approximately as well as wildtype cells on selective media. *gsp1-1, ntf2-1, rsl1-L63A* and *Δsxm1* cells were transformed with the pSD600 (G418) test plasmid while *srp1-55* cells were transformed with the pAR100 (His) test plasmid. Cell numbers were equalized, cultures were serially diluted 10-fold, and spotted onto either YEPD + G418 plates (top) or SC-his (bottom) glu plates. Plates were then grown at 25°C for 3 days. Wildtype cells either carrying the appropriate Ty1 test plasmid (+) or an empty vector (−) served as positive and negative controls, respectively.

To eliminate any mutants that affect the transposition assay rather than retrotransposition itself, all mutants that showed defects in transposition were retested in two secondary assays. First, because this is a growth-based assay, it is possible that the mutants examined affect cell growth at room temperature or the ability of these cells to convey a His^+^ or G418^R^ phenotype. To address this point, mutant cells were transformed with the appropriate Ty1 test plasmid (pAR100 or pSD600) and transformants were selected on SC ura^−^ glu. Cells were then grown to saturation in 2 ml cultures at 25°C and were diluted to the same OD~600~ to standardize the cell number. Cells were serially diluted 10-fold and 3 μl of each dilution was spotted on either synthetic complete medium lacking histidine (SC-his) or SC + G418 (0.2 mg/ml) and incubated at 25°C for 2--4 days. Any mutant population that did not grow as well as the wildtype control or yield a His^+^ or G418^R^ phenotype was excluded from further analysis.

The second test sought to eliminate mutants that affect induction from the *GAL1* promoter, which is used to drive transposition from the Ty1 test plasmids ([@B38]). Thus mutants that cannot induce the *GAL1* promoter would not display transposition from the Ty1 test plasmid. To eliminate this possibility, mutant cells were transformed with a p*GAL1-LacZ* reporter plasmid and assayed for *LacZ* induction. Each mutant containing the *LacZ* test plasmid was patched onto SC ura^−^ plates and grown at 25°C. After patches had grown, they were replica plated to SC ura^−^ + X-gal (80 μg/ml) plates containing either glucose (negative control) or galactose (positive control). Wildtype cells that were transformed with the p*GAL1-LacZ* reporter plasmid were used as positive control and the same cells lacking the reporter plasmid served as negative controls. Each mutant was compared in triplicate to the positive and negative controls and mutants failing to show β-galactosidase activity comparable to wildtype cells were excluded from further analysis.

Immunoblot analysis
-------------------

We used standard methods for immunoblot analysis ([@B39]). Briefly, cultures were grown in 5 ml cultures to late log/early stationary phase and then collected by centrifugation at 3000 r.p.m. (735 r.c.f.) for 3 min. Cell pellets were washed once in 1 ml of PBSMT (phosphate-buffered saline, 5 mM MgCl~2~, 0.5% Triton X-100) for 1 min. Pellets were then resuspended in 500 μl of PBSMT supplemented with protease inhibitors (1 mM PMSF and 3 ng/ml each of aprotinin, leupeptin, chymostatin and pepstatin). Glass beads were added to saturation and cells were lysed with a 2 min pulse in a mini bead beater (Biospec Products). The lysate was cleared by centrifugation at 13 000 r.p.m. (13 800 r.c.f.) for 15 min. Lysate concentrations were determined using a Bradford protein assay (Bio-Rad). For quantitative protein analysis, 3 μg or 15 μg of total lysate was analyzed for the presence of Ty1 Gag or Reverse Transcriptase (RT). Ty1 Gag protein was detected using a 1:40 000 dilution of the Rf1 anti-Gag rabbit polyclonal antibody ([@B26]). Ty1 reverse transcriptase (RT) protein was detected using a 1:5000 dilution of an anti-RT rabbit polyclonal antibody ([@B40]). PGK-1 protein was detected using a 1:10 000 dilution of 125 μg/ml anti-PGK1 mouse monoclonal antibody (Molecular Probes). For coimmunoprecipitation experiments, GFP proteins were detected using a 1:10 000 dilution of an anti-GFP rabbit polyclonal antibody ([@B41]). Myc-tagged proteins were detected using a 1:5000 dilution of 200 μg/ml 9E10 mouse monoclonal c-Myc antibody (Santa Cruz Biotechnology, Santa Cruz, CA). GST-tagged proteins were detected using a 1:5000 dilution of 200 μg/ml sc-138 mouse monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA).

Direct fluorescence microscopy
------------------------------

Wildtype and mutant cells (*gsp1-1, rna1-1, prp20-1, srp1-55* and *rsl1 L63A*) (refer to [Table 1](#T1){ref-type="table"}) were transformed with plasmids expressing GFP-fusion proteins, GFP-IN (DSM1), GFP~2~-IN NLS (pAC1804), GFP~2~-IN NLS~mut~ (pAC2431), or a control, Nab2-GFP (pAC719) ([@B42]). Cultures (2 ml) were grown to log phase in SC ura^−^ glu media. Cells were then collected by centrifugation at 3000 r.p.m. (735 r.c.f.), washed one time in 1 ml of dH~2~O, and resuspended in 5 ml of SC ura^−^ gal (DSM1) or SC ura^−^met^−^ glu (pAC1804) medium to induce expression of GFP-fusion proteins overnight at 25°C. Cultures were then split in the morning and half was shifted to 37°C for 2 h (or 18°C overnight for *srp1-55* cells) while the other half remained at 25°C. Cells were then incubated with 4.5 nM Hoechst dye (Sigma) to visualize chromatin, indicating the location of the nucleus. GFP was visualized through a GFP-optimized filter (Chroma Technology) and images were captured using IP Lab Spectrum software and an Olympus BX60 epifluorescence microscope.

Semi-quantitative kinetic GFP-NLS import assay
----------------------------------------------

A GFP-NLS import assay was performed as described previously ([@B43]). Briefly, wildtype and mutant cells (*gsp1-1, rna1-1, prp20-1, srp1-55* and *rsl1 L63A*) were transformed with the GFP~2~-IN NLS reporter plasmid. Cells were grown to early mid-log phase in SC ura^−^met^−^ glu media at their permissive temperature of 25°C to induce expression of GFP~2~-IN NLS. Cells were then pelleted at 3000 r.p.m. (735 r.c.f.) for 1 min and resuspended in 1 ml of glucose-free SC media containing 10 mM sodium azide and 10 mM 2-deoxy-D-glucose. Cells were incubated at the non-permissive temperature of 37°C (18°C for *srp1-55*) for 45 min. The cells were then washed with 1 ml of ice-cold dH~2~0 and resuspended in 100 μl of SC glu media at the non-permissive temperature to reinitiate nuclear import under nonpermissive conditions for each mutant. To measure the rate of nuclear import, a 2 μl aliquot was removed every 2.5 min and cells were analyzed and counted using a GFP-optimized filter (Chroma Technology) on an Olympus BX60 epifluorescence microscope. Approximately 100 cells were counted for each time point and were scored 'nuclear' if the nucleus was brighter than the surrounding cytoplasm.

Coimmunoprecipitation assay
---------------------------

A plasmid encoding Srp1-myc (*S. cerevisiae* importin-α) (pAC2326) was transformed into wildtype cells carrying plasmids encoding GFP~2~-IN NLS (pAC1804), GFP~2~-IN NLS~mut~ (pAC2431), or GFP alone (N-fus GFP). Cultures (50 ml) were grown to log phase in SC ura^−^ glu medium and then diluted into 500 ml of SC ura^−^met^−^ glu to induce expression of GFP reporters. Cells were harvested by centrifugation at 3000 r.p.m. (1600 r.c.f.) for 10 min. Cell extracts were generated as described above for immunoblot analysis and 2 mg of total lysate was incubated for 1.5 h at 4°C with 30 μl of agarose-conjugated anti-Myc beads (9E10, Santa Cruz Biotechnology). The unbound fraction was collected by centrifugation for 1 min at 4000 r.p.m. (1310 r.c.f.). Beads were washed 4 times for 10 min in 1 ml of PBSMT followed by 2 washes in 1 ml of PBSM (phosphate-buffered saline, 5 mM MgCl~2~). Bound protein was eluted from the Myc beads with 45 μl of loading buffer (125 mM Tris-HCl, pH 6.8, 250 mM dithiothreitol, 5% SDS, 0.25% bromphenol blue, 25% glycerol). Unbound and bound fractions were resolved by SDS-PAGE and analyzed by immunoblot analysis. Proteins were detected using anti-GFP or anti-myc antibodies as described above for immunoblot analysis.

Recombinant protein expression and purification
-----------------------------------------------

Purified recombinant proteins used in these studies (GST, GST-IN NLS and a His6-tagged NLS-binding fragment of importin-α consisting of residues 89--530 (ΔIBB)) were expressed in *E. coli* BL21 (DE3) cells and purified either over glutathione-sepharose beads (GE Healthcare) or by nickel affinity chromatography as previously described ([@B44]).

*In vitro* binding assay
------------------------

To assess the interaction between IN-NLS and importin-α, we employed a truncated form of importin-α, which lacks the N-terminal importin-β binding autoinhibitory domain (ΔIBB-importin-α) ([@B45]). This truncated form of importin-α mimics the import complex that forms when importin-β binds the IBB domain of importin-α to prevent the competition for the NLS binding pocket of importin-α ([@B44; @B45; @B46]). This ΔIBB-importin-α has a similar affinity for NLS cargo as importin-α in the context of the importin-α/β import complex ([@B44]). Purified GST-IN NLS protein (6 μg), GST-IN NLS~mut~, or GST control bound to GST-beads was incubated with 4 μg of ΔIBB-importin-α in 1× phosphate-buffered saline (PBS) containing 0.5 μg/ml BSA as a competitor. Proteins were mixed for 1.5 h at 4°C. Samples were then centrifuged at 4000 r.p.m. (1310 r.c.f.) for 1 min and the unbound fraction was collected in a fresh eppendorf tube. The beads were then washed 3 times in 1× PBS for 10 min at 4°C. Following the washes, sample buffer was added to elute the bound fraction and these fractions were analyzed on a 10% SDS-PAGE gel. After electrophoresis, the gel was stained in Coommassie Blue stain for 30 min and destained overnight. In order to assess how much importin-α was bound to GST-IN NLS, 4 μg of purified ΔIBB-importin-α was loaded on the gel (Input).

RESULTS
=======

Ty1 retrotransposition is decreased in mutants of the classical nuclear protein import machinery
------------------------------------------------------------------------------------------------

We exploited a previously described Ty1 retrotransposition assay ([@B27]) to assess the requirement for classical nuclear protein import factors in retrotransposition. Briefly, yeast cells were transformed with either the pAR100 (His^+^) or pSD600 (G418^R^) test plasmid ([@B38]), both of which carry the Ty1 element under control of the inducible *GAL1* promoter. When cells are grown on medium containing galactose, retrotransposition is induced and, following the removal of the transposition plasmid, cells can be screened for either a His^+^ (pAR100) or G418^R^ (pSD600) phenotype, indicative of successful retrotransposition ([Figure 1](#F1){ref-type="fig"}A). We used this assay to screen a collection of previously characterized temperature-sensitive mutants that are defective in classical nuclear protein import. The genes screened include *GSP1* (Ran), *NTF2* (Ran-GDP import receptor), *SRP1* (importin-α) and *KAP95/RSL1* (importin-β). As a control, we used a strain deleted for *KAP108/SXM1*, a member of the importin-β family of transport receptors that does not contribute to classical nuclear protein import ([@B47]). Retrotransposition levels were severely decreased in *gsp1-1* ([@B48]), *ntf2-1* ([@B49]), *srp1-55* ([@B50]) and *rsl1-L63A* ([@B51]) cells relative to wildtype cells ([Figure 1](#F1){ref-type="fig"}B). Control *Δsxm1* ([@B52]) cells show no defect in retrotransposition, indicating that not all nuclear import factors affect transposition. The apparent decrease in retrotransposition observed in this assay is not due to growth defects of these conditional mutant cell populations as each of these strains grew as well as control wildtype cells on the final selection plates (SC-his glu or SC + G418) when supplied with the appropriate test plasmid ([Figure 1](#F1){ref-type="fig"}C). Furthermore, using a *LacZ* reporter assay, we established that *gsp1-1, ntf2-1, srp1-55* and *rsl1-L63A* mutant cells induce expression of the *LacZ* gene from the *GAL1* promoter at levels equal to wildtype cells indicating that these cells are competent to induce retrotransposition from the test plasmids (data not shown).

Ty1 proteins are made and processed properly in mutants of the classical nuclear protein import machinery
---------------------------------------------------------------------------------------------------------

The Ty1 retrotransposon lifecycle is a complex process involving numerous cellular accessory proteins as shown in [Figure 2](#F2){ref-type="fig"}A ([@B38]). The decrease in retrotransposition observed for nuclear protein import mutants could be explained by two possibilities: (i) the nuclear import of an essential Ty1 protein is affected in these mutants or (ii) the nuclear localization of a cellular protein involved in an early stage of the lifecycle, such as Ty1 transcription, is altered. As an initial test to distinguish between these two possibilities, Ty1 protein translation and processing was examined in each nuclear import mutant using immunoblot analysis. In order to assess Ty1 protein levels and processing, expression of the pAR100 or pSD600 transposition plasmid was induced in *gsp1-1, ntf2-1, srp1-55*, *rsl1-L63A*, and as controls in both wildtype and *Δsxm1* cells and cell lysates were prepared. Lysates were then assayed for processed Ty1 proteins by immunoblotting. [Figure 2](#F2){ref-type="fig"}B shows that the Ty1 proteins, Gag and RT, are made and processed in each of the mutants. Although some differences in expression and processing are observed, there is no correlation between levels of expression and defects in retrotransposition. The two forms of Gag observed have been previously described and are produced from two separate proteolytic cleavage sites during the protein processing steps of retrotransposition ([@B53]). Overall, results of this experiment indicate that both the RT and GAG proteins are properly translated and processed in these import mutants suggesting that a later stage of retrotransposition is affected with the most logical step being the nuclear import of Ty1 proteins. Figure 2.Analysis of Ty1 proteins in nuclear transport mutants defective for transposition. (**A**) A schematic of the Ty1 lifecycle: (1) Ty1 mRNA is transcribed; (2) the mRNA is processed and exported to the cytoplasm; (3) Ty1 proteins are translated and processed; (4) virus-like particles (VLPs) then form; (5) the mRNA is reverse transcribed into cDNA; (6) Ty1 IN and Ty1 cDNA are imported into the nucleus; and finally, (7) IN functions to integrate the Ty1 genome into the cellular genome. (**B**) Ty1 proteins are translated and properly processed in nuclear transport mutants that show transposition defects. *gsp1-1, ntf2-1, srp1-55, rsl1 L63A* and *Δsxm1* cells were transformed with test plasmid and induced in media containing galactose to undergo retrotransposition. As a control, wildtype cells were also transformed with the test plasmid (+) and a URA (pRS316) vector (−) and induced for retrotransposition. As a further control, *Δsxm1* cells, which show no retrotransposition defect, were also transformed with the test plasmid and induced for retrotransposition. Immunoblot analysis of Ty1 reverse transcriptase (RT) and Gag proteins was performed using antibodies against each Ty1 protein (see 'Materials and Methods' section). As a loading control, an antibody directed against Pgk1 (3-PhosphoGlycerate Kinase 1) was used (Molecular Probes).

Full-length IN and GFP~2~-IN NLS localize to the nucleus in wildtype cells
--------------------------------------------------------------------------

One key Ty1 protein that must enter the nucleus is the Ty1 IN protein, which mediates the integration of the Ty1 retrotransposon into the host genome ([@B26],[@B27]). Previous studies have defined a C-terminal NLS in IN that is required for both IN nuclear localization and retrotransposition ([@B31],[@B32]). To analyze nuclear transport properties of IN independent of intranuclear interactions, we generated a reporter consisting of the last 54 amino acids that contain the previously characterized nuclear targeting domain ([Figure 3](#F3){ref-type="fig"}A). This minimal IN NLS was fused to the C-terminus of two tandem GFPs (GFP~2~-IN NLS) to create a reporter protein that would be too large for passive diffusion through NPCs to occur. It was critical to demonstrate that this IN reporter showed nuclear localization comparable to a full-length IN reporter. Therefore, we localized a GFP-*LacZ*-full-length IN (DSM1) ([@B31]) in parallel with our reporter plasmid, GFP~2~-IN NLS, as well as a modified GFP~2~-IN NLS construct, GFP~2~-IN NLS~mut~, which contains alanine substitutions at previously defined key lysine residues within the NLS (bolded residues in [Figure 3](#F3){ref-type="fig"}A) ([Figure 3](#F3){ref-type="fig"}B). As expected, both IN and IN NLS are localized exclusively to the nucleus whereas the GFP~2~-IN NLS~mut~ is not ([@B31]). Hence, for all subsequent experiments the GFP~2~-IN NLS reporter was used rather than the full-length protein to ensure that any effects observed were the result of changes in nuclear targeting rather than intranuclear interactions. Figure 3.Localization and expression of GFP-IN, IN NLS and IN NLS~mut~ in wildtype cells. (**A**) A schematic of the GFP-LacZ-Ty1 IN ([@B32]) and GFP~2~-IN NLS constructs is shown. Full-length IN is under control of the *GAL1* promoter (DSM1); IN NLS and IN NLS~mut~ are under control of the *MET25* promoter (pAC1804 and pAC2431, respectively). Full-length IN contains three domains: an N-terminal zinc-finger domain, a central catalytic domain, and a C-terminal domain containing the IN NLS, consisting of basic regions 1 and 2 (BR1 and BR2). A GFP-fused truncated form of IN containing the last 54 amino acids (aa 582--636) (including BR1 and BR2 indicated in bold lettering---^595^S**KKR**SLEDNETEIKVSRDTWNTKNMRSLEPPRS**KKR**I^631^) was used in most experiments and is referred to as GFP~2~-IN NLS. Previously defined key lysine residues are highlighted in bold. (**B**) GFP-fused IN and GFP~2~-IN NLS are targeted to the nucleus while GFP~2~-IN NLS~mut~ is not. Cells expressing either full-length IN, GFP~2~-IN NLS, or GFP~2~-IN NLS~mut~ (^596^KKR^598^ → AAA and ^628^KKR^630^ → AAA) were analyzed using direct fluorescence microscopy (GFP). Cells were stained with Hoechst to indicate the location of the nucleus and corresponding DIC images are shown.

GFP~2~-IN NLS is mislocalized to the cytoplasm in mutants of the classical nuclear import pathway
-------------------------------------------------------------------------------------------------

Conditional mutants of Ran (*GSP1*), as well as its GTPase activating factor (*RNA1*) and guanine exchange factor (*PRP20*), display defects in nuclear import of all cargoes that depend on karyopherin receptors ([@B17],[@B48]). Therefore, we examined the localization of GFP~2~-IN NLS in temperature-sensitive *gsp1-1, rna1-1* and *prp20-1* cells that were shifted to the non-permissive temperature of 37°C for 3 h. [Figure 4](#F4){ref-type="fig"}A shows that the localization of GFP~2~-IN NLS is nuclear in wildtype cells. In contrast, we find that GFP~2~-IN NLS is mislocalized to the cytoplasm in *gsp1-1, rna1-1* and *prp20-1* cells suggesting that IN nuclear localization is dependent on a functional Ran cycle. Figure 4.GFP~2~-IN NLS localization in classical nuclear protein import mutants. (**A**) GFP~2~-IN NLS is mislocalized to the cytoplasm in temperature-sensitive mutants of Ran and its regulatory proteins. Wildtype, *gsp1-1, rna1-1* and *prp20-1* cells expressing GFP~2~-IN NLS were grown to log phase at the permissive temperature and then shifted to 37°C for 3 h and analyzed by direct fluorescence microscopy. Hoechst dye was used to visualize the location of the nucleus. Corresponding DIC images are shown. (**B**) GFP~2~-IN NLS is mislocalized to the cytoplasm in a temperature-sensitive mutant of importin-α and β. Wildtype, *srp1-55* (importin-α mutant), or *rsll L63A* (importin-β mutant), cells expressing either GFP~2~-IN NLS (top) or a control Nab2-GFP protein (bottom) were shifted to 37°C for 3 h and analyzed by direct fluorescence microscopy. Hoechst dye was used to visualize the location of the nucleus. Corresponding DIC images are shown.

To determine whether GFP~2~-IN NLS import also depends on the classical NLS receptors, importin-α (*SRP1*) and importin-β (*RSL1*), we localized GFP~2~-IN NLS in temperature-sensitive mutants of *SRP1* and *RSL1*. GFP~2~-IN NLS was no longer strictly nuclear localized in *srp1-55* and *rsl1 L63A* cells ([Figure 4](#F4){ref-type="fig"}B), suggesting that importin-α/β contributes to proper nuclear localization of IN. As a control, Nab2, a cargo imported by an alternate karyopherin import receptor, Kap104 ([@B54],[@B55]), is properly localized to the nucleus in the importin-α/β mutants ([Figure 4](#F4){ref-type="fig"}B). For all studies, immunoblot analysis was performed to ensure expression of the full-length GFP~2~-IN NLS proteins in each of these mutants (data not shown).

The initial rate of nuclear import of GFP~2~-IN NLS is dramatically decreased in mutants of the Ran cycle and the NLS receptors
-------------------------------------------------------------------------------------------------------------------------------

Although our steady-state results reveal dramatic mislocalization of GFP~2~-IN NLS in *gsp1-1*, *rna1-1* and *srp1-55* cells, the effect is not as obvious in *prp20-1* and *rsl1 L63A* cells ([Figure 4](#F4){ref-type="fig"}A). As a more quantitative approach to investigate nuclear import of GFP~2~-IN NLS in these cells, we used an established kinetic import assay ([@B43]) to examine initial import rates. For this assay, expression of GFP~2~-IN NLS was induced at the permissive temperature (25°C) for each mutant. Cells were then incubated with azide and 2-deoxy-glucose to deplete the cell of energy, which causes a redistribution of nuclear proteins ([@B43]). Samples were then washed to remove azide and 2-deoxy-glucose and reinitiate protein import. The initial rate of import was then assessed by determining the number of cells with detectable accumulation of GFP~2~-IN NLS in the nucleus over a 12.5-min time course. For *gsp1-1*, *rna1-1*, *prp20-1* and *rsl1 L63A* cells, initial import rates were measured at the non-permissive temperature of 37°C. For *srp1-55* cells, initial import rates were measured at the non-permissive temperature of 18°C. As shown in [Figure 5](#F5){ref-type="fig"}, we observed a dramatic decrease in the initial rate of nuclear import of GFP~2~-IN NLS in *gsp1-1*, *rna1-1*, *prp20-1*, *srp1-55* and *rsl1 L63A* cells relative to wildtype cells. As a control, we also used Nab2-GFP as a cargo for this assay in both wildtype and *srp1-55* cells and saw no difference in Nab2 import (data not shown). These data, taken together with our steady-state localization data ([Figure 5](#F5){ref-type="fig"}), support our hypothesis that nuclear import of GFP~2~-IN NLS requires a functional Ran cycle as well as the import receptors importin α/β. Figure 5.The initial rate of GFP~2~-IN NLS import is reduced in classical nuclear protein import mutants. The initial rate of nuclear import of GFP~2~-IN NLS is dramatically reduced in *gsp1-1*, *rna1-1*, *prp20-1*, *srp1-55* and *rsl1 L63A* cells relative to wildtype cells. Wildtype, *gsp1-1*, *rna1-1*, *prp20-1*, *srp1-55* and *rsll L63A* cells containing GFP~2~-IN NLS were analyzed using a semi-quantitative kinetic import assay as described in the 'Materials and Methods' section ([@B43]). Import in wildtype cells was analyzed at both 37 and 18°C. Data obtained was identical at both temperatures and results are shown only for the 37°C sample. The percentage of cells with GFP~2~-IN NLS nuclear accumulation was plotted versus time to obtain an approximation of initial import rates.

GFP~2~-IN NLS interacts with importin-α
---------------------------------------

To determine whether IN physically interacts with the classical NLS receptor importin-α, we tested whether the IN NLS reporter coimmunoprecipitates with importin-α. For this experiment, we expressed myc-tagged importin-α in wildtype cells also expressing either GFP~2~-IN NLS or, as a control, GFP~2~-IN NLS~mut~. We generated cell lysates and then purified importin-α-myc and assayed by immunoblotting for co-purification of GFP~2~-IN NLS. Results indicate that GFP~2~-IN NLS co-purifies with importin-α ([Figure 6](#F6){ref-type="fig"}A). As a critical control, we show that GFP~2~-IN NLS~mut~ does not co-purify with importin-α suggesting binding to importin-α is dependent upon previously characterized lysine residues ([@B31],[@B32]) highlighted in [Figure 3](#F3){ref-type="fig"}A. Although these binding data suggest that IN is bound by importin-α in cell lysate, this experiment does not provide evidence that IN NLS is bound directly to the import receptor. Figure 6.Ty1 IN interacts with importin-α. (**A**) IN NLS coimmunoprecipitates with importin-α from whole cell yeast lysate. Yeast cells expressing importin-α-myc were transformed with plasmids expressing GFP (control), GFP~2~-IN NLS, or GFP~2~-IN NLS~mut~. Cell lysates were prepared from induced cultures and epitope-tagged importin-α protein was purified using anti-myc beads as described in the 'Materials and Methods' section. GFP proteins present in the bound (B) and unbound (UB) fractions were detected with an anti-GFP antibody. An anti-myc antibody was used to ensure enrichment of importin-α-myc in the bound fraction. (**B**) Importin-α binds directly to IN NLS *in vitro*. Purified ΔIBB-importin-α was incubated with GST-IN NLS, or as controls, GST alone or GST-IN NLS~mut~. GST-fusion proteins and any associated proteins were purified on glutathione sepharose beads as described in the 'Materials and Methods' section. Bound fractions were collected and resolved on a 10% SDS-PAGE gel. As a control, 4 μg of purified ΔIBB-importin-α was loaded in the first lane (Input). ΔIBB-importin-α migrates at approximately 70 kDa; GST migrates at approximately 25 kDa; and GST-IN NLS migrates at approximately 35 kDa.

To determine whether IN NLS can bind directly to importin-α, we employed an *in vitro* binding assay using purified recombinant proteins. For these experiments, we used a truncated version of importin-α (ΔIBB importin-α) lacking the N-terminal 89 amino acid importin-β binding (IBB) domain ([@B45]). Previous studies have demonstrated that this truncated importin-α binds to NLS cargo with a similar affinity to importin-α in the context of the importin-α/β heterodimer ([@B35],[@B44],[@B56]). Briefly, purified GST-IN NLS, GST-IN NLS~mut~, or as a control, GST alone, was incubated with purified, recombinant His6-tagged ΔIBB importin-α. Bound fractions were separated on a denaturing polyacrylamide gel, which was then stained with Coommassie blue to visualize the purified proteins ([Figure 6](#F6){ref-type="fig"}B). Results show that IN NLS binds to importin-α. As expected, importin-α does not bind to either the GST or GST-IN NLS~mut~ control protein suggesting that the binding detected between importin-α and IN NLS is mediated by the atypical NLS.

DISCUSSION
==========

This study was designed to elucidate the mechanism by which Ty1 IN gains access to the nuclear DNA in *S. cerevisiae*. Previous studies have shown that a nuclear targeting signal at the C-terminus of Ty1 IN is both necessary and sufficient for import of IN into the nucleus ([@B31],[@B32]). However, this sequence does not match the consensus for a classical bipartite NLS. Typically, bipartite NLSs are characterized by two short stretches of basic amino acids separated by a linker region containing 10--12 residues ([@B33],[@B35]). In contrast, IN NLS contains two stretches of basic residues separated by a longer linker consisting of 29 amino acids. Despite this unusually long spacer, IN NLS has been proposed to function as a bipartite NLS ([@B31],[@B32]), suggesting IN uses the karyopherin, importin-α, as a means of entering the nucleus; however, it was also possible that this atypical bipartite NLS could mediate import via a different import pathway.

In this study we used *in vivo* and *in vitro* techniques to test the hypothesis that IN can exploit the classical cellular protein import machinery to access the nucleus. Our data indicate that IN NLS is able to interact with and utilize the classical import machinery. From our localization studies, our results suggest that proper nuclear localization of IN is dependent upon an intact Ran cycle. Mutations in importin-α also decrease the steady-state nuclear localization of IN but not to the same extent as Ran cycle mutants. Since the Ran cycle is critical not just for classical nuclear import mediated by the importin-α/β heterodimer but also for other karyopherin-mediated transport processes ([@B57]), our localization results may indicate that Ty1 could exploit additional Ran-dependent mechanisms for import. There is precedent for the use of multiple karyopherin pathways for nuclear import of critical cellular proteins such as histones ([@B58]) and key transcription factors such as TATA-binding protein ([@B59]). Therefore, although these localization studies indicate that nuclear import of IN can be mediated by the classical import receptors, IN import could also be achieved through another Ran-dependent mechanism, such as another member of the karyopherin family.

Although the C-terminus of Ty1 IN is not conserved in retroviral integrases like HIV, this analysis of Ty1 IN may have implications for how HIV IN can access the nucleus. Many studies have sought to characterize the import pathway for HIV IN and many of these conclusions conflict not only in the mechanism proposed, but also in the location of the presumed NLS ([@B60; @B61; @B62; @B63; @B64; @B65; @B66; @B67; @B68]). It is possible that HIV may have, in fact, evolved multiple mechanisms, to overcome host cell barriers and defenses. As an extension of this study, it is possible to imagine Ty1 IN, much like HIV IN, may have developed multiple routes of nuclear entry to ensure access to the host genome, which would allow for subsequent rounds of replication and the survival of the retroelement.
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